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Changes in intrathoracic blood volume (Vval) during
| Gz acceeleration

Major Chin mu Chang

Filehis Suirpeen, (00« af the Suryeon Cienera!

Faiweagn 4

Thae purpose of this study was te evaluate the
changey In intratharacie blood volume during
fow fevels of head-to-feer weceleration izl
Twelve heulthy male subjects trained and well-
folerated to Gy were involved. A breatliing
rikcavee was upplied (o measure an incee.
it of Jieseg ale vedesre after a M s valunnar-
iy increased intrathoracic pressire (Valvaiva
Mamavre) upen vital capucity. This addi-
tianal lung wir volume (1 val) wax wved 1o rep-
resent relative changes in intrathoracic Blowd
Veline during 16z Rlood PrEssRES Was mes-
ured by an electronic blond Prossure mionitor
aned heart rate was counted through u can-
fankonsly manitored electraocardivgram, Each
cxperimentul session consisted of one eantrol
tin of 8min af +! Gz and test ren ar either
+2GIor +3 Gz at sitting position. Bload pres-
sure and Vval were meavered after 2 min of
exposure and were repeated for Seur trialy in
ercl exprisire. Sivee no slgnificant changes in
blood pressure and Vial were Sownd afrer
2min af expesure. mean values in steady
sates were presented, Vvas showed no i ifi-
cant variation from +1 Gy to +F Gz, indicating
that the toral intrathoracic blovd volume wis
mot dnflieenced By low levels of Gz in vining
Positinn, Systolic blood prevsure (N8P did nay
clange at +2 Gz, hur increaved by abonr
W mmHg at +3 Gz. Diavtatic blood [ressiire
(DEP) Inereased by ahows 10 runHy  and
Wmmbig ar 12 Gz and 13 Gz, respectively.
Heart  rate  (HR) increased by about
12 beats/min at +2 Gz and 40 beats/min ar
+1 Go. The gradual reduction in Pulse pres-
sure (PP} and the increase in mean arrerial
pressure (MAP) were calculated. Increases n
SBP and DBP during Gz illustrated thay
there was a leart level frvpertension iring
HGr. The increuse in hears rate way frelieved to
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he due to wn actlviation af carotid barorefley,
This sfeddy cenfirms  thet durtng {7 heare
level hypertension due to active vemoconstric-
Hon or increased  intraahdominal Fressure
helps maintain imtrathoracic blood volume.

Keywords: Avcelerution srress s Dnleathisracic oo
virluene

G ravitarional forees lead w o rediseribution

af the blovd volume duc to the develop
ment of considerable hydrostutic pressure in the
cireulatory system. Under positive G (head-to-
teet avecleration, Gz}, blaod druins from . cen-
tral circulation and pools in the dependent vas-
cular bed. The redistribution of bleod valunig
betwewn the intrathoracic circulution and the
cupacitance vessels of the svstemie circulation
has been measired by X-ray technigue [1], The
resulls indicated thal the lung ficlds: becpne
clearer during tcreasimg acceleration. This was
dssumed to be consistent with a decreuse in
pulmonary blood volume or a redisteihution of
pulmonary blood flow A redistribution of pul-
monzry blood Mow under -G» had been siudied
extensively und 2 gradient increase of hlood
flow toward the basal domponent of the lung
was generally agreed upon [2-4] llowever. na
svstematic atlempts have been made to measure
the cxtent of blood in pulmeonary vessels, bul
the evidence for its occurrence must be re-
garded a» stromg. In order to measure the
changes in intrathoracic bload volime duriny
+G7. 2 breathing rechiigue was applicd 1o
measure the increment of hing air valume which
can be anspired after a brief period of voluntar-
tv inergased intrathoracie pressure [ Valsalvg
manuvre) upon vital capacity. This additionsl

1637
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ung air volume, termed the Valsalva volume
(Wvall conld represent chanees in intruthoracic
tluosd valume becawse increased intrathoracic
pressure expresses. certin) dmount of blood out
ol i tharas and reserves some of 1he space lor
mdilianal aie [5] I'res sy, the changes i
Vval ducing, orthostatie stress (footward Bblood
Pesilied mduced by praded LBNP gnd From
|_‘er'll1‘,_'. pusition 1o siathingy positicn in ot [abara
tory seoere found 1o be able 1w reflec etiicient]y
the: eduction and intrathoracic Blood vislagme
due 1o tootward hlood pooling. This valyme
wias also Tound 1o be tphitly Baund o changes in
cardiwe sotpor (e = 0805 0 c 001, Lpph-
fished data) and both variables were supgested
o be modified by barorefleses triggered by dif-
lerenl levels of blood pooling. We applicd this
technigue to investipate the alterations of nira
thoracic blood volume during low levels of -
creised +4ie

Material and methods

The stody group consisted ol twelve healths
male volunteers. Their characteristics are shown
i lable | The subjects underwent thorouzh
phvsical cxamination. The subjects were trained
o wperate the equipment and to perfonn the
hreathing manmwuvre a1 various +Giz levels
before the experiments began All the subiects
were whle to tolerate well ar least § min in
+2 G2 However, only four of the subjects were

Tahle 1. General characieristics of the sebecis
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guahitied to tolerate well 8 min in +3 G with
cut uptoward eftects The csperment  wis
aprproved by the foernal Review Bowid ol
the Umiversity's Muedieal Sehaol. Thi sthjects
gave thewr wertten informod  ¢onsent belfore
prarbiiipating

Phe experimuents were conductad iy human
centrifupe (Model X 198320001, Rucker Control
System. Oakland, CA) of the Iermany Rahn
Prvironmental Physiology Labwrutory ot the
State University of New York a0 Butfaloe, The
contleitupe 18 capable il a sustmned radinl nevel-
erarion, at the centre of the capsule, iothe range
trom approsomately one-tenth 1o oren Gmes e
acccleraton due o wrevity The altitide ol thy
eapsule was contralled anromatically. The Mang
oF the capsule was alwavs perpendicnlar to the
vedlor resulning trom he interaction betweon
normal graveey and cenirifueal foree: The ideel-
erations to be reported were the el resuline of
these twa fuerors  The seal wis taken o
wie wieeraft with its baek inclined 15° from the
verTical

A munceuyverable refilled Ohio -spirometer
(Chin 822, Ohio Medical Products, Airco [,
Medison, W) was mounted on a stainless sreel
shelf fixed on 10 the floor of the capsule in
level with the subject's mouth when seated.
A S0 cm mubber wbe was conneeted from the
arifice of the spirometer to a T-shuped plastic
connector A gns-way  vdlve  wiais iiserted
hetween the prosimal end of the connetur and
the rubber lube to prevent air leaking back inw
the spiromerer. An glectric solenoid  valve
(ASUO B210C94, Auromatic  Switch Co.,
Florham Park. NI} was arranged on the distal
end of the connectar to control the opening of
the airway. A mouthpicee was mounted on the
muiddle of the connector. A voltage mumometer
{Model €D 15, Validyne FEngineering Co.
Northridge, TA)  was  connected  with  he
meuthpicee i ordet to monitor month ocelusioh
pressure. A three-channel chart recarder (Solte
1243, Soltee Cu., San Fernaudo, CA) was used
o tecord the lung volumye changes and niouth
veclusion pressure. Before each experimentil
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session, the spirometer aped e virltace muig-
meter wiere calibrated by o 2 sviinge and a
mereury manometer, respectively

The effect of incréased month occlusion
preseuie wins studied Iy iving the subjeats in-
spire mmaxamally. The subjects then blew nFIRTHET
e voltage mumometer, with the solenotd valve
closed, rupidly raising the pressure and smin-
taining ot for 10 s, hmediately after (his proge:
dire, an additional volume of wie (Vval) was
mspired maximally seain and expitation was
guickly performed into the spiremeter | he oo
eral procedure miay best be wvivualized 1o o
spiragraphie tracip [Fipure 1) record reud (rom
left 10 might The maximal mspakution reached
level AL ab which point thi suliject was chanped
tront the spirometer, by the solenoid valve. 1o
the manometer and 1he pressure of the Valsalyva
manaeuyre  (horizonial 1i'.'1|.in_:__rj WS eaerTed.
When the subjeet was wreed hack 1o the sptie
rometer, additional air was nhaled rapidiy and
lvel B was reached, This was Tollowed by
camplele capiration
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Figare 1. Spirnpoaplis tmzme of the effecr af o Bricd
||I.'Ii|,||.| of rmsine ek drclusiom Nreasire uom o vinal
capiLily, The upper fracing mdieaics the liapue.
frapulimaery prossore and the Tower Lracmy repeesenis 1he
g valimme chanaes Famg volume ar level & indicaies

Lt the sulvegt inapired micimodly to Wi vital capagits
Level B vepresomts that an odelibiomal 8 wilurme Vs ali
Wag fnhaled wller mising mouth  eeciusing
Al H eyl 60
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In each ol the tollowimng eRpeTients, this
breathine manmovre was perfarmed after 3 min
i each siuation and repeared Fowr mes, wilh
At least 2own rest o between, The Acceplable
Vival datn were détermined and sielectod 31 (he
imvuth occlusion prossure was helid Sload iy
within a ranee of 2 mmHe, The dath were cal-
culated to BT

Blood pressure and hedrt rate were mensured
it the heart lese!| before and durime iy aceel-
cration by an electronie blood pressure momninsy
tntrasonade  Model  DARIO,  Puritri-Hennet
Lorp, Wilmington, MA) Measurements werg
made belore cach breathing manguvie. The
appearance of the subyjed iarimg the procediding
of the whole cxperiment was muonitorsd by &
camera recurtler

Three-standard-leads UK was il ored
conunually threugh a tirass Model 7 palyveraph
thrass Medicul Instrumens Co . Mode] 7.
Quiney, MA) during sach exposire

Three  experimental conditions sere de
signed fron) - Gorra +3 Gz in sitting pasiction.
During cuch experiment day, the control ex-
periment was conducted ar +| Gz while sitting
At rest with the conteituge in very slvw mation
and the experiment at 12 Groor =3 Gr with un
vasel rate of 0.9+ owas conduetod after
B nun of recovery from cantral,

During cach exposure, Lhe subject started
perform the bresthing wmanmuves atter 2min of

sxposire. The muncuyre was repeatcd Ve
2mimng Fora todal of 4 wials dn tach £0w EXP0-

surc. Blood pressure was measured right belore
cach Breathing manuvre | he breathing mane-
uvre was porformed only when a stable hlood
prossure was conflomed and ne changes in
vision were repurted. O any given iy mens-
uremeitty wollld be thade at | Gr control Firsy
and then either at 2 Ge or at =3 Gz, Subjects
were allowed to be exposed in one hvperaravity
environment onty once per dav and the nesl
exposure was arranged at least two days apart.
Pwelve sulbijects were exposed to +2 Gz [ive
thmes. Fonr subjects were exposed u +3 Ly
three rimes

Jin




frtrathoracic Blood velume durvine <050 weveleratoon

The data Tor +1 Ge to +1 Gz were compared
using repeated ANOV A measures. Each vari-
able’s value was evaluated os o funclion of Hme
first. Since there was no significant varation in
vilues for 2 min=8 min of exposure (steady
state), the values measured during stoady states
inoeach 1Gz exposuie were eounted for mean
apalysis, The Fisher-LS1) analvsis was applied
to compare the ditferent means among, differen
(G2 exposures. The data Tor SITNE a1 rest pos|
tionescrved as control, '1he contidence level was
sed Al Os

Hesuolis

lhe data were collected from twelve well-
tramned healthy subjects exposed 1 8 mmn of
+2 Cr#, Four of the mwelve subjects were ex-
posed to 8 min of 3 Ge. Each of the dara pre-
sented in this article was selected when the
subject was in stable condition and did nwt
complain of any physical discomfiort or changes
I wision.

The mean in steadv-state values of Vval,
blood pressures and heart rate during +Ciz are

Table 2. Blood pressure. hean rate snd Vval resp
r

fim mu C hong

listed in Table 2. Vwal showed no significand
varialion for +1 Gz fo +3 Gz, Systolic blood
pressure (SHP) did not change at 12 Ge, but

increased by aboul 10 mmHe at +3 G Dig-

stodie Blood pressure (PP increased by about
Ummllg and K mmHg at 12 Gz and 3 e,
respectively. Heart rate (HR ) increascd by abonl
12 beats/min at <) Gz and Al beatsmin
+ 3Gz A pradual reduction i pulse pressuey
(PPY and an increase inomean arterial pressoce
(MAT) were caleulated following the increment
of +0iZ

Discussion

Positive, <Gy, acceleration produces g severe
stress an the circulatory system, The jnognilule
of this stress imposed in the sitting position
causes mainly increments of hydrostatic pres.
sure toward the feet and, therelvre, aceenlioales
orthostatic Nuid shifls from the infrathoracic
comparimenis. o the legs. lt was tound that
imcreasing +0z caused 12-50 ml/Ge ol blood
to pool in the legs. This initial hlood pooling,
which takes 25 5, 08 followed by a slow increase

ves dunng Uz in SIing position

+] Gz =2 3z 13 G

in | n=12) (rn=4)
Vval tmil} 2049 238.7 3274
105 32 41.9

SET (mmblg) 21 1239 132.0%
2d 2.4 4.1

PBF {mmllg) 69 9 A 97,6
5 .8 4.3

PP {mmHg) e 13 g 132
[.8 1 & 2.3

MAF (minHz) 862 i 109 4+
1.2 1.7 4.0

HE [Beatsimimn) 6.1 Q7 0 118 4%
4 | 23 41

Values represent “mean + SF°

SBIM Systolic blowd pressyre: DP Diastelie blood pressures PP Pulsc: pressure; FTIR:

Heart rate, MAT: Mean anerial pressure

*Signilicantly different from dala &

T*Doin were ¢alonlaied By the Tormula |
fo Valsulve's manmuyre BTTPS)

e number ol subjects participated

(R4

POz [ = %)

(PP = TP Wval. Increment of vital capacity due

fadd. J derozpace Med, 3521 1904
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reased by abwout
M bewtsimin at
Cpulse pressure
clerinl pressire
i the inarement

wiices o severe
CThe magnitude
sitting  pusition
vdrostatic pres-
II:'“F. acoeniuares
e intrathoracic
was [ounid that
mliGe ol blood
blood pooling,
# shw increase

[

Jue

s Meed 38(T) 1999

frtrathireaid iv

m e volume, with shout 80 mlGe accomnlat-
ing in Smm [6. 7] This is a modest volume
cirmpared 1o the 500 ml that pools in the legs
i oerect |8 and LBNP positions [9], and re-
flects probably the dhifference between the Al

ing of collapsed vens and the distension of

them, with venoconstriction counteeaching the
P process [ 10] -

Since the intrathoracic blood volume, re-
flected by changes i Wwvul, wis Tound 1o be
reduced by abon 30—40% during high levels of
LBNT (=358 mmlig) and sitting position  and
have a positive correlation with chanpes in car-
diac output (F= 0603, p< 0000, Vval was
proposed to be decreased due to the tootward
blood pooling during 1 Ge and the decrements
were assumed (o be paralleled 1o the increments
of G forces. In this study, however, no stenifi-
cant decrease e Vval was fownd st o+ Gy
#2 G or 3 G No reasonable explanation can
he concluded from our study,

Heowever, we found that SBP and DEPF bath
mereased and the merement was proportional 1o
the increase of <Gz The increases in MAP and
decreases in PP were paralleled to the inere-
ments of +Cir (Fioure 2) Lamberr and Wood

[11] wsing phatokymographic recording . of

o Bystolic Dlocd Presrure
c  aslbiic Slood Presemre
4 Fulwe froeeay
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Figure 2. Blood pressure responses during <02 * deonntes
significantly different from the preceding value

M Merospace Med ARCTY 1904

hlesnd warltvmmie idiaraey V02 arveloration Chin o d hany

man s blood pressure in 12 healthy young men
who tolerated well an acceleration ol 4.5 Hhs
for 15 3, showed that eve-level arterial pressore
fell by about 32 mmilg for SBP and 20 mmHg
tor LYBF With unimpaired vision, the SBP
eve level remaiped above SO mmllg Inferest-
impely, arterial pressure was maintamed normally
at the level of heart, Alter the initinl 7 5 ol the
cxposure, o drumatic ingresse inoarteral pres-
sure occurred . Linnarsson and Rosenhamer |12
also tound that mean anerial pressure inercased
by about 18 ke sitting ol +3 G

A for o reduction in o venous retuen due 1o
footward blood pooling, the Incredses in SBP
and DEP at heort level wmd ol hearl rate were
considerad reasonably 1o be due to baroretlexes
Howewver, the observed increase of heart rate
capnot be aucibuted o the setivation ol hara-
reflex. from the aortic region, since the aortic
pressure was tound to be increased. A decrense
of urterial pressure al head level is confirmed by
several stedies [13=15] The carotid sinus, no
doubt in great part, was responsible for the tre-
mendous tolerance of the circolation o long-
lerm +0e, Jonghloed and Noyons [ |16] sectioned
the carotid sinus nerve and abolished the tachy-

cardia responses w +Ge in experimental ani-

mals. Creenfield [17] also found that the
compensatary rise in arerial pressure during
prelonged Gz did not cccur after stipping the
carotid  region: The physiological  haroreflex
triggered from carorid haroreceptors was be-
ligwved to play an important role in maintaining
arterial pressure at the hicart level '

The reports an measurements of cardiac out-
put changes during +Gz in human volunteers are
few. Lindberg ef el [18] found, by dye dilulion
technique, thar the average falls in cardiac out-
put were 7% and 18% at +2 Gz and +3 Gz, re-
spectively,  Howewver, 2 large  wariation  in
responses (+9% to —25%) between subjects was
found, Arieli eral [19] also reported a 19% and
22% reduction in cardiac output during pro-
langed +2 Gz and +3 Gz, respectively,

Since a reduction in cardiac output and an
increase in mean arterial pressure were ob-



et Fhvad cobume durmme UGS goeeferation My

served, a strong and enhanced 1otal peripheral
resistance was proposed. The increase an tatal
peripheral resistance could contribmle (0 either

viuspconsinehion or venoconsiriciion o bl

Fhrect and indirect evidences lave shown thar
the lowspressure swsiom seims b beliave like a
curlaier wtl prassive elastic walls durimge inany
pes ol disturbances of Dlood volumie homeo.
stingis. [ tilling b oman m the upright posture

ur i LLAME
Bed ol the band showed only an dmitial e

the chstensibihity of the visculo

sl acLion e e el [20,21].

ather lmde by mserting g tnisture balloon

technigue in saphenois veln ol dogrs, Salzman
[22] denneasieated spgmiiicant sustyned o
Crease n venomaotor fone durning g Tle sumg
conclusion was also susgpesied by Newherry o
el 123)]. They measured forearm venous com
pliamee by a wvenous impeding stiain vuuuve
megthod m {1} low levels of +Ge (2 LIRNP of
20 mnHe il (33 45% of head-up 1t i man
Evitlende for the rale of contraction of the ve-
pous reservorr an the support ol the cenira
m
Ihise experiments, |1 was sugeested that noral
lone of the capacily vesacls was high enough, ar

bloud volume was fond only during +Ge Fro

sk Lo prevenl escessive pooling with normal

dtress af +1 Gz, However, with swonger st

such as high Gz, there was a strong consric-

ton ef the vapacity vessels. These findimgs were
interpreted as evidence tor the role of contrac-
Lol of the venous réservoir In the support of a
liyperiension stute of the hearr under a hydro
slatic load

Anothsa
crodse in arterfal presswre At hearn level was
indicated by the bottom tracing of inlrarecial
pressure, [nlvarcelal pressure was directls re-
faled do intraperitoneal pressure i the depend-
ent tegions of the abdominal cavity, This
pressure was found o be dneressed o direct
proporiion to the force environment, so that al
+d. 5 Gz 0t increased five Umes above normal

pessible eaplanation for the in-

]:4] It i pnwihlu that whdominal contens be
have like an anti-G swit, as il the abdomimal
cavily was filled with swaler, providing an ap

proximate  batance W the mtrovascalar hvidso-
statie gradient. Therefors,

the at
headward scceleration, $o° that svstemalbic uile-

vty return from

fonen G the heart 8 maniaimed during

rial pressure was sustained as well

In suwenmary.  the  mechanism that helps
muinbivm mtrathorace blaod volume during - Gy

moths study s undclaar Peom our data, Flowesver

the fneease nosean arteridd pressore at her
fevel was Tound o be proportional to the ice-
ments of Gz, which we belivve are relatad o
al aclive vonecopsirictnon iII'.Il il r|-:|||-_'_ ||',|_|';|..||_'E
dhommmal pressure, Smee the pulmonory curculn-
ton was  oghely  bound w ochanpes e the
slenue  circdlatmn, the Beelors . thi meilily
shsloim crrviianon are believed (o play an o
portant role also o iPuencing the intratweicie
blood volwme, Onopccount of these evenls, we
helieve thar haemiodvaamic pesponses during

voddifterent oo TANP

2 were proba

and wile i, exen thoweh the faotward
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